Vibrio alginolyticus produced an extracellular SDS-resistant protease (protease A) with an apparent M , of approximately 54000 when cultured in complex, proteinaceous media. Ca2+ was required for the activation and stability of this protease. Its activity was inhibited by EDTA and a serine protease inhibitor, but was not affected by an inhibitor of trypsin-like enzymes. Optimum protease activity occurred under alkaline conditions, Two SDS-resistant exoproteases, B and C, with apparent M , values of approximately 41 000 and 37000 respectively, were also produced in complex proteinaceous media. Dialysis of cell-free supernatant samples, which contained predominantly protease A, against distilled water, resulted in increased B and C activity. Production of protease A, B and C activities was inhibited by o-phenanthroline, quinacrine and lack of aeration.
INTRODUCTION
Gram-negative bacteria do not usually secrete proteases ; excreted proteins either remain in the periplasmic space, or are integrated into the outer membrane (Michaelis & Beckwith, 1982; Sreedhara Swamy & Goldberg, 1982; Lugtenberg &van Alphen, 1983; Silhavy et al., 1983) . The Vibrio ulginolyticus strain isolated from hides by Welton & Woods (1973 , 1975 is an aerobic, halotolerant, Gram-negative bacterium which produces an extracellular collagenase and six extracellular alkaline serine proteases (Reid et al., 1978 (Reid et al., , 1980 Long et al., 1981 ; Hare et al., 1981 Hare et al., , 1983 Deane et al., 1986) . These six proteases are produced in SMM during the stationary growth phase. They are inhibited by SDS but after the removal of SDS they regain their proteolytic activity. The proteases were characterized by PAGE in slab gels containing SDS and gelatin as a co-polymerized substrate (Heussen & Dowdle, 1980) , and after removal of the SDS, enzyme activity was restored and the individual proteases were resolved as discrete bands of activity in the stained gels. Three major alkaline serine proteases with apparent M, values of approximately 28000, 22 500 and 19 500, and three minor alkaline serine proteases with apparent M, values of 26000, 15500 and 14500, are produced. The production of the exoproteases was subject to glucose and amino acid repression and was influenced by temperature and oxygen. Exoprotease synthesis was inhibited when the growth temperature was raised to 37"C, or when the rate of aeration was reduced. The production of the serine exoproteases did not involve a specific inducer or activator. In this paper, we report the production of an SDS-resistant, Ca2+-dependent exoprotease by V. alginolyticus in complex media.
PMSF (10 mM), PHMB (2.5 mM), soybean trypsin inhibitor (1 mM) and EDTA (50 mM). Control experiments showed that the organic solvent DMSO, used to dissolve the PMSF, did not affect the protease activity.
R E S U L T S
Production of' extracellular proteases V . alginolyticus cells in LB without added CaC1, produced the characteristic exoprotease profile in gelatin-SDS gels reported for SMM cultures by Hare et al. (1983) and Deane et al. (1986) (Fig. 1 ). These exoproteases all had apparent M , values of < 30000, and the three major proteolytic bands (proteases la, 2 and 3) of activity with apparent M , values of approximately 28000, 22500 and 19500 were observed. The three major bands of protease activity are characteristic and useful markers of these alkaline serine exoproteases (Hare et al., 1983; Deane et al., 1986) . Minor bands of proteolytic activity were also observed in the LB cultures without added CaCl,. These minor proteases have also been reported previously and the number and activity varied between different experiments and treatments (Hare et al., 1983; Deane et al., 1986) . The addition of CaCl, (10 mM) to the LB cultures enhanced the activity of the major protease 1 a and decreased the activities of the major proteases 2 and 3 (Fig. 1) . These alterations in the activities of the protease bands were observed within 5 min of the addition of CaCl,. The addition of CaCl, also resulted in the detection of a broad zone of protease activity at the top of the gel which was bordered by a distinct band with an apparent M , of approximately 54000 (protease A) at the bottom of the broad zone. The zone was faint but clearly evident within 5 min of the addition of CaCl?. The amount of protease activity increased over 150 min. Staining of the gel immediately after gelatin-PAGE, and before removal of the SDS by soaking in Triton X-100, revealed a similar broad zone of protease activity at the top of the gel (Fig. 1) . However, as expected, the proteases with M , values of < 30000 were not detected when the gels were stained immediately after gelatin-PAGE. Two additional minor bands of protease activity with apparent M , values of approximately 41 000 and 37000 (proteases B and C respectively) were observed 150 min after the addition of CaCl, (Fig. 1) . A minimum concentration of 2 mM-CaCl, was required for the detection of proteases A, B and C in LB.
There was an apparent regular reduction in the M , of protease A during continuous incubation of the culture with Ca2+ (Fig. 1 ). An analogous apparent regular increase in the M , of protease A was demonstrated by diluting a sample of culture supernatant obtained after 150 min incubation. It is concluded that the apparent regular reduction in the M , of protease A during An overnight LB culture was diluted (1 in 10) in LB and incubated at 30 "C for 4 h. The culture was subdivided and CaCl, (10 mM) was added to one half (lanes e,ft g and h). No additions were made to the other half (lanes a, 6, c and d). Cell-free samples were taken after 5 min (lanes a and e), 30 min (lanes b and J), 60 min (lanes c and g) and 150 min (lanes d and h). Each lane was loaded with 10 pl of a supernatant sample treated with SDS as described in Methods. Gelatin-PAGE was done on slab gels containing SDS and gelatin as a co-polymerized substrate. The arrows indicate the positions of the SDSresistant proteases A, B and C, and the major alkaline serine proteases la, 2 and 3.
continual incubation of a culture with Cat+ is a concentration effect, and high protease concentrations are able to migrate further through the gelatin substrate gels. Therefore, the exoproteases produced by I/. alginolyticus in LB + 10 mM-CaCl? were resolved by conventional SDS-PAGE without gelatin and the proteases were detected by the gelatin overlay technique (Fig, 2) . Staining of the SDS-PAGE gelatin gel revealed the M , markers, but no bands were visible in the lanes containing protease samples. After addition of the gelatin overlay, proteases A, B and C produced three distinct proteolytic bands with M , values of approximately 54000, 41 000 and 37000 respectively. The broad zone of protease activity and the proteases with M , values of < 30000 observed with the co-polymerized gelatin-PAGE technique were not detected by the overlay method.
The production of proteases A, B and C was investigated in minimal and complex media. Since the addition of CaC1, precipitated the salts in the MM, the Ca2+ required for activation was added after dialysis of the various MM culture supernatants against distilled water.
Proteases A, B and C were not detected in MM or MM + yeast extract (0.5%, w/v), but were produced in MM supplemented with skim milk (Oxoid) (1 %, w/v), peptone (2+5%, w/v) or vitamin-free Casamino acids (2.5%, w/v). Proteases A, B and C were not detected in MM supplemented with individual amino acids (0.5 %, w/v) or collections of three amino acids. Addition of skim milk (1 %, wlv), peptone (2.5 %, w/v) or vitamin-free Casamino acids (2.5 %, w/v) to Ca2+-activated MM culture supernatants gave low levels of protease A, B and C activity.
Experiments were done to determine whether the addition of CaC1, induced the de novo synthesis of proteases A, B and C by V. alginolyticus cells, or whether it activated pre-formed but inactive protease molecules. The addition of CaC1, to cell-free supernatants from a LB culture resulted in the detection of protease A and the zone of activity at the top of the gel (Fig. 3) . Cell- free control supernatants without added CaC12 did not exhibit protease A or the zone of protease activity. Protease A and the zone of protease activity were also absent from LB cell-free supernatants containing MgC12, ZnC1, , NiC12, CoC1, or LiCl. The effect of rifampicin (100 pg ml-l) and chloramphenicol(lO0 pg ml-l) on the production of proteases A, B and C by V . alginolyticus cultures was determined in LB. An overnight LB culture was diluted (1 in 10) in LB and incubated for 4 h. The culture was divided into four, and rifampicin or chloramphenicol were added to two cultures. CaC1, (10 mM) was added to these two cultures 2 min afer the addition of the inhibitors and samples were analysed by gelatin-PAGE after 5, 30, 60 and 150min. The third culture (control) contained no Ca2+ and no inhibitors. The fourth culture (control) contained Ca2+ (10mM added after 2min) and no inhibitors. The control culture without Ca2+ showed the complete absence of protease A, B and C activity as shown in Fig. 1 . The control culture with Ca2+ showed the same increase in protease A, B and C activities from a low basal level at 5 min to high activities at 150 min (Fig.  1) . The cultures containing the inhibitors showed the weak basal level of protease A, B and C activity observed at 5 min in the control + Ca2+ culture. There was no increase in protease A, B and C activities over 150 min in the presence of rifampicin or chloramphenicol. It is concluded that de nouo mRNA and protein synthesis are required for protease A, B and C production.
Protease A, B and C production was not inhibited by temperature and occurred at both 30 and 37 "C, but production was reduced in the absence of aeration.
Efect of o-phenanthroline and quinacrine
o-Phenanthroline (50 pg ml-l) and quinacrine (25 pg ml-I) did not affect the activities of proteases A, B and C in cell-free supernatants containing CaC12 (Fig. 4) . The addition of o-phenanthroline 2 min before addition of CaCl, inhibited the production of proteases A, B and C , and only the low level of protease A activity, present before the CaC12 was added, was observed. The addition of quinacrine had a transient effect and protease A production was reduced but not totally repressed (Fig. 4) .
Protease stability
Cell-free supernatant samples of 24 h cultures of V. alginolyticus in LB + 10 mM-Ca2+ contained predominantly protease A and only trace amounts of proteases B and C (Fig. 5) .
S . M . DEANE, F . T . R O B B A N D D . R . WOODS
Dialysis of the supernatants at 4 "C against distilled water or 10 m~-CaCl, for 18 h resulted in the total disappearance of protease A and the appearance of proteases B and C (Fig. 5) . Dialysis against 100 mM-CaClz, or LB + 10 mM-CaC12, however, did not result in the loss of protease A, and all three proteases were detected (Fig. 5) . Dialysis against 10 mM-EDTA inhibited proteases A, B and C. EDTA-inactivated protease activity was reactivated by dialysis against CaClz (10 mM) and proteases B and C were detected (Fig. 5) .
Proteases A, B and C in supernatant samples of cultures in LB + 10 mM-Ca2+ showed similar heat inactivation kinetics. The three proteases were totally inactivated within 5 min at 70 "C, and after 60 min at 60 "C.
Efect of inhibitors
Since the alkaline serine proteases with M , values of < 30000 described by Hare et al. (1983) were inhibited by SDS, the effect of inhibitors on proteases A, B and C was determined in the presence of SDS. Cell-free supernatant samples, treated with SDS, of cultures in LB + Cat+ contained 5.72 units ml-(azocasein assay) of protease activity (untreated control). The supernants + SDS, treated with PMSF, PHMB, soybean trypsin inhibitor and EDTA, contained 2.59, 5.75, 5.51 and 1.40 units ml-l respectively of protease activity.
DISCUSSION
After gelatin SDS-PAGE, protease A produced a streak or broad zone of proteolytic activity from the top of the gel to a position corresponding to an apparent M , of approximately 54000. Protease A was able to digest gelatin in the presence of SDS and the broad zone of proteolytic activity was detected after staining gelatin gels which still contained SDS. When a gelatin overlay was added after SDS-PAGE without co-polymerized gelatin, protease A was detected as a thin band of proteolytic activity with an apparent M, of approximately 54000. The other proteases with M , values of < 30000 produced thin bands of protease activity and were detected only after removal of the SDS from the gelatin gels. It is concluded that protease A is an SDSresistant protease, and that the streaking effect in gelatin SDS-PAGE was due to the digestion of the gelatin while the protease migrated through the SDS-gelatin gel.
The apparent approximate M , values of proteases A, B and C were determined by the overlay gel method, where the M , markers and proteases migrated in the same environment. This avoided any effect due to differences caused by the protease degrading the co-polymerized gelatin substrate while being electrophoresed.
CaC1, was required for the activation and stability of SDS-resistant protease A. This was a specific effect of Cat+ since other chloride salts did not activate or stabilize the protease. Dialysis of cell-free supernatant samples which contained predominantly protease A against distilled water resulted in the increased appearance of proteases B and C. This could suggest that proteases B and C may be degradation products of protease A and are more stable than protease A. Proteases B and C in cell-free supernatant samples that had been inactivated by EDTA could be reactivated by dialysis against Cat+. Extracellular proteases and other excreted bacterial enzymes often require Cat+ for stability and activity (Bissell et al., 1971; Porzio tk Pearson, 1975; Barach et al., 1976; Stepaniak et al., 1982) .
Sensitivity to the metal chelating agents EDTA and o-phenanthroline is typical of metalloproteases (Coleman & Vallee, 1960; Porzio & Pearson, 1975; Barach etal., 1976) , many of which are stabilized or activated by Ca2+ or Zn2+ (Bissell et al., 1971 ; Porzio & Pearson, 1975; Barach et al., 1976; Stepaniak et al., 1982) . However, o-phenanthroline, which is rather specific in chelating Zn2+ (McConn et al., 1964) , did not inhibit protease A activity, suggesting that protease A is more likely to belong to one of the other major groups of microbial proteases, namely the alkaline serine proteases. Proteases A, B and C were inhibited by the serine protease inhibitor PMSF but not by the sulphydryl reagent PHMB, or by an inhibitor of trypsin-like enzymes. Since optimum activity was obtained at alkaline pH it is concluded that protease A is an SDS-resistant alkaline serine exoprotease. 1980) has been used to support the suggestion that an exoenzyme-releasing protease system is involved in the secretion of bacterial exoproteins. Our results suggest that a similar exoenzymereleasing protease system may be operating in V . alginolyticus.
In contrast to the six SDS-sensitive alkaline serine exoproteases that were studied by Hare et al. (1981, 1983 ) and Deane et al. (1986) , proteases A, B and C were not detected in MM cultures and required complex proteinaceous or amino acid media for their production. The addition of such media to MM culture supernatants activated small amounts of preformed proteases A, B and C. Protease A was not detected by Hare et al. ( ) or Deane et al. (1986 as their studies were done with SMM or MM cultures. Protease A production was not influenced by temperature: it was produced at 37 "C whereas synthesis of the other proteases was reduced at 37 "C. The production of all the V . alginolyticus exoproteases was affected by oxygen and required good aeration.
The V. alginolyticus strain used in this work is an interesting Gram-negative bacterium as it produces a variety of extracellular proteases (collagenase, SDS-resistant and SDS-sensitive alkaline serine proteases). The characterization of these proteases will facilitate future studies on the mechanism of enzyme secretion in this Gram-negative bacterium.
